Top Hadrons in Lorentz-Violating Field Theory by Altschul, Brett
ar
X
iv
:2
00
5.
14
09
9v
1 
 [h
ep
-p
h]
  2
8 M
ay
 20
20 Top Hadrons in Lorentz-Violating Field Theory
Brett Altschul1
Department of Physics and Astronomy
University of South Carolina
Columbia, SC 29208
Abstract
If there is Lorentz symmetry violation in the t quark sector of the standard model,
changes to particles’ dispersion relations might allow for the existence of stable top-
flavored hadrons. Observations of the survival of high-energy γ-rays over astrophysical
distances can be used to place one-sided constraints on certain linear combinations of
Lorentz violation coefficients in the t sector at the ∼ 10−4 level of precision.
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1 Introduction
Since the introduction of the special theory of relativity, there has always been interest in
understanding whether the Lorentz symmetry of special relativity is exact, or whether it
is merely an excellent approximation. Approximate symmetries have turned out to be an
extremely important topic in particle physics. Thanks to advances in effective field theory
over the last quarter century, there has been an explosion of interest in the quantitative
problem of evaluating how well Lorentz invariance has been confirmed. The fundamental
physics that we currently understand is based on two very different theories, the standard
model, describing particle physics, and general relativity, which describes gravitation.
Understanding how these two theories can be reconciled into a theory of quantum gravity
is probably the greatest remaining challenge in fundamental physics. However, despite
their puzzling differences, the two basic theories actually have a number of important
features in common. These include a number of spacetime symmetries; both the standard
model and general relativity are invariant under rotations, Lorentz boosts, and CPT.
Experimental searches have not turned up any compelling evidence of Lorentz violation;
however, it remains a topic of theoretical and experimental interest. If any deviations
from Lorentz invariance were conclusively demonstrated, that would be a discovery of
tremendous significance and would open a new window into our understanding of the
laws of physics at the most elemental level.
Using the machinery of effective theory, it is possible to describe deviations from these
symmetries, whether involving standard model quanta or gravitational effects. The gen-
eral effective field theory that can be used to describe such effects is called the standard
model extension (SME). The full SME contains an infinite hierarchy of Lorentz-violating
operators. However, the action for the minimal SME—which contains only those opera-
tors constructed out of known standard model fields that are gauge symmetric, translation
invariant, and power-counting renormalizable—contains a finite number of coupling pa-
rameters. The SME operators resemble the operators that appear in the usual standard
model action, except that they may break Lorentz symmetry when they have residual
tensor indices. The Lagrange density may be written in a form in which the residual
indices on the operators are contracted with tensor-valued coefficients, so that the coeffi-
cients indicate the presence of preferred vector and tensor backgrounds [1, 2]. If the origin
of the Lorentz violation is a form of spontaneous symmetry breaking, then the preferred
background tensors are set by the vacuum expectation values of tensor-valued dynamical
fields.
The minimal SME is well suited for comparing the results of experimental Lorentz
tests. Experiments in many different areas of physics have been used to place bounds on
the minimal SME coefficients. Information about the best current bounds are collected
and summarized in [3]. It happens that many of the strongest bounds on various SME
coefficients come from astronomy. These bounds typically take advantage of either the
exceeding long travel distances or very high energies that are available to certain extrater-
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restrial quanta. Observations of photons from astrophysical sources have thus been used
to place many of the best constraints on Lorentz violation.
By examining the photons emitted by very distant sources, we may learn a great deal
about the dispersion relation of the photons themselves, to see whether it has the expected
Lorentz-invariant form Eγ = |~p |. However, observing that a photon was emitted and that
it made its way to our detectors can also tell us quite a bit about the behavior of the other
particles that might interact with such a photon. The observation of TeV-scale γ-rays
reveals information about the processes that might have produced them—typically either
inverse Compton scattering, e− + γ → e− + γ, involving the upscattering of a low-energy
photon by an exceedingly energetic electron, or neutral pion decay, π0 → γ + γ. The fact
that such photons are produced at all tells us things about energy-momentum relations
of all the particles that are involved in the reaction. The experimental observation of the
spectra of astrophysical γ-ray sources can therefore be used to place bounds on Lorentz
violation in the lepton and hadron sectors of the SME [4, 5, 6, 7].
However, even when the production methods of these γ-rays are unclear, they can
still tell us interesting things about Lorentz violation in other sectors, merely based on
the fact that the photons live long enough to reach us. For the massless photon, any
kind of decay process that occurs in vacuum and involves one or more massive daughter
particles is forbidden by energy-momentum conservation, if all the quanta have their
usual Lorentz-invariant dispersion relations. A decay such as γ → e+ + e− or γ → t + t¯
(with a top-flavored quark-antiquark pair), or an emission process such as γ → γ + π0,
cannot occur without another constituent (such as a nearby heavy nucleus) to take up
the photon’s excess momentum. However, if the energy-momentum relations are Lorentz
violating—so that, at large momenta, the energies of the daughter particles increase more
slowly as a function of p than the energy of the parent photon Eγ(~p )—then the process
may be permitted above some threshold. (Decay of a photon into other strictly massless
quanta—that is, photon splitting, γ → Nγ—is separately forbidden, not by energy-
momentum conservation, but by vanishing of the relevant on-shell matrix element [8].
Yet for that kind of process also, Lorentz-violating radiative corrections may again make
the process possible, even when then photon sector itself is not modified [9]. However,
since the process is always precisely at threshold, there are phase space issues, and the
process would manifest itself not as an irreversible decay, but via oscillation phenomena,
such as γ → 2γ → γ → · · ·.)
In this paper, we shall expand the use of observations of the survival of ultra-high-
energy propagating photons to place constraints on Lorentz violation in the t sector.
Section 2 describes the structure and one-particle kinematics of the minimal SME oper-
ators of interest. The kinematic details of the single-photon t-t¯ production process, and
the bounds on SME parameters that result from the observed absence of this process are
discussed in section 3. The t sector is more complicated than others, because t quarks do
not normally exist as constituents of asymptotic hadron states; a t produced in a reaction
will ordinarily decay weakly before hadronization occurs. This will make the analysis for
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this sector somewhat more intricate than that required in other sectors of the SME. Our
conclusions, and the outlook for further improvements, are discussed in secton 4.
2 Lorentz Violation in the Minimal SME
The Lagrange density for the minimal SME contains operators of mass dimensions 3 and
4, with their outstanding indices contracted with those of tensor-valued coefficients. For
the QED sector of the minimal SME, with a single fermion species, the Lagrange density
is
L = −
1
4
F µνFµν −
1
4
kµνρσF FµνFρσ +
1
2
kµAF ǫµνρσF
νρAσ + ψ¯(iΓµDµ −M)ψ, (1)
where the SME coefficients for the fermion are collected in
M = m+ aµγµ + b
µγ5γµ +
1
2
Hµνσµν + im5γ5 (2)
Γµ = γµ + cνµγν + d
νµγ5γµ + e
µ + ifµγ5 +
1
2
gλνµσλν . (3)
The gauge-covariant derivate Dµ = ∂µ + iqAµ contains the charge of the fermion species,
with q = −2
3
e = 2
3
|e| for the t quark.
At ultrarelativistic energies, the dimension-4 coefficients (kF for photons and those
comprising Γ for the fermion field) dominate the dispersion relations for the quanta,
so we may neglect all the dimension-3 operators except the usual M ≈ m. Moreover,
while the eµ, fµ, and gλνµ coefficients are acceptable in a pure QED theory, they are
not consistent with the SU(2)L gauge invariance of the standard model. They can only
arise as vacuum expectation values of higher-dimensional operators involving the Higgs
field and thus actually excluded from the truly minimal SME. This leaves the fermion-
sector Lorentz violation at ultrarelativistic energies predominantly controlled by cνµγν +
dνµγ5γµ. For the electromagnetic sector, the dimension-4 k
µνρσ
F tensor (which, in the most
general case, may be taken to have the same symmetries as a Riemann curvature tensor
and a vanishing double trace) may be split into two-parts (with Weyl-like and Ricci-like
structures, respectively). The ten-components of the Weyl-like part (as well as the four
possible dimension-3 kµAF terms) give rise to photon birefringence in vacuum, which has
not been seen, even for polarized sources at cosmological distances [10, 11]. The bounds
on certain linear combinations of these dimensionless coefficients are down at the 10−38
level. We shall therefore neglect all these birefringent terms. The remaining Ricci-like
terms have the structure
kµνρσF =
1
2
(
gµρk˜νσF − g
µσk˜νρF − g
νρk˜µσF + g
νσk˜µρF
)
, (4)
where k˜µν = kFα
µαν . The bounds on these k˜µνF coefficients are weaker, although for some
terms, the bounds are still quoted at the at the quite respectable 10−22 level [12], based
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on a Michelson-Morely analysis of Laser Interferometer Gravitational-Wave Observatory
(LIGO) data (although it should be noted these bounds are actually necessarily on differ-
ences between the electromagnetic k˜µνF coefficients and some set of aggregate coefficients
for everyday matter).
With flavor-changing SME coefficients neglected, there are separate sets of background
tensors for each fermion species. However, because of the SU(2)L gauge invariance, which
connects fermions with different charges, not all the coefficients for different flavors are
truly independent. Between the t and b quarks, there are really only three independent
cµν and dµν tensors. The gauge invariance ensures that the chiral SME coefficint cµνL =
cµµ + dµν is the same for the left-handed t and b quarks that form an SU(2)L doublet.
However, the cµνR = c
µµ − dµν for the two species are, generally speaking, unrelated.
The tensor 1
2
k˜µνF is the photonic analogue of the c
µν for fermions. Each of them repre-
sents a spin-independent modification of the ultrarelativistic dispersion relation. For the
fermions, the modified dispersion relation is most straightforwardly expressed in terms of
the maximum achievable velocity (MAV) of a particle (which can depend on the direction
of its motion and its spin). The MAV along the direction vˆ is 1 + δ(vˆ), where [13]
δ(vˆ) = −c00 − c(0j)vˆj − cjkvˆj vˆk + sd00 + sd(0j)vˆj + sdjkvˆj vˆk, (5)
and where s is the product of the particle helicity and fermion number (e.g. +1 for a
quark, −1 for an antiquark). The parentheses, as in c(0j), indicate a symmetrized sum
c0j + cj0. Note that c
µν and dµν appear in δ(vˆ) only via contractions cµνvµvν and d
µνvµvν ,
where vµ = (1, vˆ). The dispersion relation for a relativistic quantum is
E =
√
m2 + p2[1 + 2δ(pˆ)], (6)
up to corrections of O (m4/E4). For one-dimensional motion restricted to the pˆ-direction,
this just looks like ordinary special relativity, but with a modified top speed 1+δ(vˆ). The
actual velocity at these ultrarelativistic energies is
~v =
[
1 + δ(pˆ)−
m2
2p2
]
pˆ, (7)
which is simply the usual ultrarelativistic velocity plus the Lorentz-violating correction
to the MAV, δ(pˆ )pˆ.
An electromagnetic decay such as γ → t + t¯ would occur extremely rapidly if it were
allowed. The survival of GeV-scale laboratory photons over everyday distances has been
used to place a bound on certain SME coefficients [14]. So if a photon, with a certain
energy and traveling in a certain direction, manages to reach us from an astronomical
source, that is essentially certain evidence that there are no photon decay products that
are kinematically permitted for that particular combination of energy and direction. It is
well established that photons with TeV energies can survive over astrophysical distances,
4
and this has been used to place bounds on the differences between certain Lorentz vio-
lation coefficients for photons and the kinematically equivalent coefficients for leptons or
hadrons [15, 16]. The absence of the process γ → X++X− in a direction vˆ places restric-
tions on the linear combination
(
cµνX −
1
2
k˜µνF
)
vµvν of SME parameters. The strength of
the bound depends on the mass mX of the charged daughter particles, with a characteris-
tic O(m2X/E
2
γ) dependence. The strongest individual bounds come from the photons with
the highest observed energies, but γ-rays coming from a variety of different directions
are required to get the best overall constraints on all the components of the traceless,
symmetric Lorentz tensor cµνX .
Lorentz violation for photons, and for the first-generation fermions that are the pri-
mary fermionic constituents of everyday matter, is generally fairly well constrained.
Bounds for second- and, especially, third-generation fermions are much less comprehen-
sive. It can be quite challenging to do high-precision experiments with short-lived parti-
cles. Lorentz violation for the top sector is currently rather poorly constrained, with all
the existing bounds in the literature being derived in one of two fashions. There are direct
measurements of the t-t¯ production cross section [17], with sensitivities to the coefficients
of dimension-4 SME operators at the 10−1–10−2 level. The fact that t quarks do not exist
as external states is not an issue for these measurements, because the SME coefficients can
affect the physical cross sections not primarily through the kinematics but also directly
via the dynamical matrix element for the t-t¯ production process [18]. The other bound
arises from radiative corrections. The t quark field, like all other charged fermion fields,
can appear via a virtual particle-antiparticle pair in the vacuum polarization diagram
of the photon self-energy. This will transfer any Lorentz violation in the charged matter
sector to the photon sector, including the radiative generation of dimension-6 operators in
the electromagnetic Lagrange density. An analysis of these higher-dimensional radiative
corrections—generalizing earlier perturbative demonstrations of the one-loop renormaliz-
ability of the quantum electrodynamics (QED) sector of the minimal SME [19]—placed
a bound on a dimension-4 SME operator in the t sector at the 10−7 level, based on the
relative arrival times of TeV γ-rays from an active galactic nucleus [20]. However, the
calculations leading to this bound relied an an assumption of spatial isotropy. Moreover,
since radiative corrections from multiple species are involved, there could potentially be
cancelations between the effects of different types of virtual particles. The bound is thus
best characterized as a constraint on a particular SME coefficient |c00t |, under the rather
restrictive assumption that this is the only nonzero SME parameter.
3 Photon Decay into Top-Flavored Hadrons
Normally, when a t-t¯ pair is produced at an accelerator, the large mass mt ensures that
the quark and antiquark decay via the weak interaction before they can hadronize to
produce mesons or baryons. However, the Lorentz-violation scenario in which γ → t + t¯
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is possible in vacuum corresponds to one in which the t and t¯ energies grow more slowly
with energy than the energy of the parent photon—that is, δt, δt¯ < δγ. A significantly
negative δt also corresponds, in fact, to precisely the kind of scenario in which the weak
decay of a t might be energetically forbidden. Due to the slower than normal growth of
Et(~p ), a sufficiently-fast-moving t might not possess enough energy to be able to produce
a virtual W+ and a light quark with the same total momentum!
Thanks to ultrarelativistic beaming, all the constituents in a putative photon decay
process like γ → t+ t¯ are moving essentially collinearly; angular deviations near threshold
are typically at a O(mt/Eγ) level. This has important implications for the kinematics.
Obviously, only the δ(pˆ) parameters for the unique direction of motion will enter into the
kinematics. However, there can also be other, more subtle, effects.
In the decay of a photon into leptons, such as γ → e+ + e−, the collinearity limits
which SME coefficients may have observable effects. In this process, without strong
final-state interactions, the exiting quanta must essentially both have the same helicity.
Since the initial photon is in a spin-1 state with allowed helicities ±1, the two spin-1
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daughter particles must have identical helicities at threshold, where all the motion is
along a single direction. (Angular-momentum nonconservation is, in principle, possible
in Lorentz-violating processes; however, that would entail an invariant matrix element
squared that would be of second order in the Lorentz violation, and thus negligibly small.)
This means that the dµν coefficients for the leptons have no effect on the threshold, since
any dµν term will shift the dispersion relations for the particle and antiparticle in opposite
directions [21]. Thus the observation of the absence of a γ → e+ + e− threshold provides
a relatively clean constraint on a linear combination of just cµνe −
1
2
k˜µνF components.
The situation is potentially rather different for a putative photon decay into quarks,
because the quarks do not themselves exist as external states. The ultimate daughter
state following γ → t + t¯ will consist of hadronized particles, most generally forming
jets. However, at the threshold, the minimal final-state configuration will include two
top-flavored mesons. The identities of the other quarks present in these mesons are
relatively unimportant, since the mesons’ masses (and thus their kinematics) will be
totally dominated by the current mass of the top field, mt ≈ 173 GeV. However, the
mere presence of these additional quarks, making the daughter particles at threshold
composite states, with more than just the t and t¯ carrying angular momentum, changes
the analysis so that the dµνt components could conceivably also be involved. Unlike a freely
propagating lepton, a quark in a bound state does not need to have a single, well-defined
angular momentum state, because the other partons can also carry angular momentum.
It thus may not be instantly obvious that we could not produce t-t¯ pairs that will settle
down with opposite, rather than aligned, helicities. In fact, after hadronization, the t and
t-bar constituents of two different hadrons could have instantaneously different helicities.
However, the exchange of virtual gluons, which are components of a spin-1 field, between
the quark constituents of a hadron ensures that a given quark cannot be maintained in
a single consistent spin state. Inside a spin-0 meson, for instance, the spin of each of
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the valance quarks must average to zero, and because of this, the spin-dependent effects
of any quark dµν coefficients must also vanish. We therefore introduce the spin-averaged
quantity
δ(vˆ) = −c00 − c(0j)vˆj − cjkvˆj vˆk, (8)
as it turns out that for quarks, just like leptons, this is the particular combination that
photon survival observations are sensitive to.
We now must look in detail at the kinematics that might allow for the existence of
top-flavored meson daughter particles in a photon decay. We consider a configuration with
two mesons—one of them T , which may have the quark content tq¯ for any other flavor q,
and the other the antiparticle T . To the order of magnitude precision we need, mT ≈ mt.
For the T -T pair to be produced, the energy of a photon moving in the pˆ-direction must
exceed
Eth =
2mT√
2δγ(pˆ)− δT (pˆ)− δT (pˆ)
. (9)
As expected, a real value for the threshold energy Eth only exists if the MAV parameters
satisfy 2δγ(pˆ) − δT (pˆ) − δT (pˆ) > 0, indicating a steeper dispersion relation E(~p ) for the
photon than for the mesons.
In order that the cµνt coefficients should determine the kinematics, it must also be the
case that the usual weak decay of the t be forbidden. The most accessible decay modes
of the bare, unhadronized t are of the form t → q + l + ν, with a quark, a lepton, and a
neutrino. The lightest decay products occur via a radiative decay, in which q = u and the
lepton is actually a second neutrino. This is rather unlike the usual t decay modes, which
proceed through t → W+ + b, with subsequent W+ → l+ + ν or W+ → jets. However,
under the assumption that the Lorentz violation in the entire process is dominated by
the cµνt coefficients, the specific identities of the t-decay daughter particles are relatively
unimportant, provided they are all much lighter than mt. For the specific t→ u+ ν1+ ν2
decay process to occur, we must have
(1 + δt)pt +
m2t
2pt
> (1 + δu)pu +
m2u
2pu
+ (1 + δν1)pν1 + (1 + δν2)pν2, (10)
with pu + pν1 + pν2 = pt and taking the neutrinos to be effectively massless. Presuming
a negative δt and negligible Lorentz violation for the neutrinos (flavor-diagonal Lorentz
violation in the neutrino sector being well constrained, typically at the 10−17 level, by
cosmic ray observations [22, 23]), the threshold configuration at which equality holds puts
virtually all the momentum in the u. That means that the t decay is allowed if
δt − δu >
m2u −m
2
t
2p2t
≈ −
m2t
2p2t
. (11)
Since (11) is the condition for the t to decay weakly (via one particular radiative
channel) prior to hadronization, it can be generalized and turned around to give a stability
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condition, for a t-containing meson T to have time to exist. Direct decay of a t with
momentum pt will be forbidden (and thus it will hadronize) if
δt − δq < −
m2t
2p2t
, (12)
where δq is the modification to the MAV for any lighter quark that the t might decay into.
In fact, the cµν coefficients for all the lighter quarks have been previously constrained in
various ways. For the u and d, many strong constraints are available, and even for the s, c,
and b, there are the observed absences of the photon decays γ → K++K−, γ → D++D−,
and γ → B+ + B−. Since all these mesons are much lighter than mt, the nonoccurrence
of these decays leads to bounds on the cµνq −
1
2
k˜µµ parameters that are—according to
the characteristic O(m2X/E
2
γ) strength of the bounds—orders of magnitude better than
the mt bounds we are primarily interested in here. Moreover, the observation of a given
source, with source-to-Earth direction pˆ, will constrain the same linear combinations of
coefficients δ for all the quarks. By the same token, the gluon configuration in a light-heavy
meson such as D or B has been found not to contribute significant Lorentz violation, and
thus, to level of precision relevant here, the stability of the t against immediate decay is
indicative of a bounds on just the combination linear combination δt− δγ of t and photon
SME parameters.
We are now in position to assemble all our results into final bounds. Neglecting the
electromagnetic Lorentz violation (because of the strong bounds on the k˜F coefficients),
if the T is a viable asymptotic state, but photons with energy Eγ moving in the direction
pˆ do not decay via γ → T + T , then according to (9),
δT (pˆ) + δT (pˆ) > −
4m2T
E2γ
. (13)
In an ordinary meson, the valance quarks each carry about one quarter of the momentum,
with the other half belonging to the gluon field. It is straightforward to see from (7) that
with the two quarks carrying essentially equal momentum fractions, xt = pt/pT ≈ xq¯ =
pq¯/pT , and with Lorentz violation existing at the threshold level, the two valance quark
constituents are moving at the same velocity—which is the overall velocity of the meson.
So the internal momentum distribution in the T meson is not greatly affected by the
Lorentz violation, at the T -T decay threshold. This then simplifies (13) to
δt(pˆ) & −
8m2t
E2γ
. (14)
However, in order for the top-flavored mesons to exists as asymptotic states, the bare t
that is initially produced (with momentum 1
2
Eγ at threshold) must not be susceptible to
weak decay. According to (12), the condition for the bare t to be stabilized against weak
decay, so that γ → T + T may occur, is actually less stringent than (14) by a factor of 4.
Thus (14) represents our final analytical result.
8
4 Conclusions
The form of the bound (14) is similar to that for other γ → X+ + X− reactions given
in [16]. The scale of the bounds is comparable, although the more complicated details
associated with the hadronization around the t appear to lead to about a factor of 4 loss
in sensitivity. However, that factor really just corresponds to the difference between the
coefficients for the T mesons and the underlying t quarks (representing the inverse of the
momentum fraction carried by the t). Essentially the same factor would exist in comparing
the sensitivities of the δB forB
± mesons, versus the the δb for their heavy quark. Moreover,
this analysis still provides bounds that are better than any others available for most of
the cµνt coefficients. A sample of astrophysical sources of high-energy photons, coming
from a wide range of directions, was listed in [16]; the energies involved extend up to the
tens of TeV. At this scale, the sensitivity scale is given by ∼ 8m2t/(20TeV) ≈ 6× 10
−4.
The one unfortunate feature of these bounds (which a common issue with any con-
straints based solely on the absence of the photon decay process), is that all the bounds
on the δ¯(pˆ) are one sided. By making use of a wide variety of sources, it is possible to
constrain the allowed parameter space significantly more strongly, but it is evident, for
example from (8) and (14), that it will never be possible to rule out a negative value of c00t .
A Lorentz-violating theory will just a negative c00t indicates an isotropic speedup of the t
excitations, with a steeper dispersion relation for any top-flavored quanta than for pho-
tons. It is obvious in this case that the anomalous photon decay process will never occur;
it is even more strongly forbidden than in the Lorentz-invariant theory. So the absence
of photon decay provides no information about this corner of the parameter space.
The bound from [20] based on radiative corrections can be seen as complementary to
the collection of photon survival bounds derived from observations of different sources. In
particular, [20] provides a two-sided bound on c00t , which is the one specific c
µν
t coefficient
that cannot, in principle, be constrained on both sides by the method discussed in this
paper. However, those results and these cannot be directly combined, since the analysis
in [20] assumed rotational isotropy from the start.
The precision of the photon survival bounds will naturally be improved by the obser-
vation of ever higher-energy cosmic ray photons, coming from a wide range of approach
directions. However, improvements of this type are ultimately limited by the availability
of such photons, and there is thus an eventual physical cutoff beyond which the photon
survival bounds cannot be further strengthened. For this reason, the bounds coming from
radiative corrections and affecting photon arrival times may, in the long run, provide a
systematically better approach. However, the calculations in of [20] would need to be
extended to apply to situations without spherical isotropy in order for this improvement
to be effected, and there would still be the necessity of observing photon arrival times
along multiple different directions, not merely from a single source.
In this paper, we have generalized the previous analysis of how the observed absence of
the photon decay process γ → X++X− can be used to place constraints on Lorentz viola-
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tion. The generalized analysis has allowed us to treat possible decays into t quarks, which
were not previously included because the t ordinarily decays too quickly to hadronize into
a suitable external color-confined state. However, the same Lorentz-violating kinematics
that could make γ → t + t¯ possible would also tend to make the ordinary weak decay of
the bare top energetically impossible. This means that much of the analysis applied to
ordinarily stable daughter particles can be carried over, and the results are that there are
bounds on t sector Lorentz violation coefficients cµνt at a characteristically ∼ 10
−4 level of
precision.
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